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We investigate the low energy behavior of local density of states in metallic C60 polymers theoretically. The
multichannel bosonization method is applied to electronic band structures evaluated from first principles calcu-
lation, by which the effects of electronic correlation and nanoscale corrugation in the atomic configuration are
fully taken into account. We obtain a closed-form expression for the power law anomalies in the local density
of states, which successfully describes the experimental observation on the C60 polymers in a quantitative man-
ner. An important implication from the closed-form solution is the existence of an experimentally unobserved
crossover at nearly a hundred milli-electron volts, beyond which the power law exponent of the C60 polymers
should change significantly.
PACS numbers: 71.10.Pm, 73.21.Hb
I. INTRODUCTION
Tomonaga-Luttinger liquid (TLL) state is a remarkable
quantum state unique to one-dimensional (1D) correlated
electron systems1,2. One of the characteristics is the spin-
charge separation, by which excitations of spin and charge
travel independently through the system at different speeds3.
Another notable manifestation of the TLL state is a series
of power-law anomalies observed in the correlation functions
of physical quantities, the single-particle density of states
(DOS), and the momentum distribution. For instance, the
DOS D(ω, T ) near the Fermi energy EF obeys D(ω, 0) ∝
|ω|λ andD(0, T ) ∝ T λ, where ω is the energy measured from
EF and T is the absolute temperature. The value of the expo-
nent λ depends on the mutual interaction between electrons4,
and can be controlled by the external field5–7.
Experimental realization of TLL states has been achieved
thus far in a wide range of materials with highly anisotropic
conductivity8–14. A typical example is metallic carbon nan-
otube having a shape of rolling up a graphene sheet15–20. It
was reported that metallic carbon nanotubes show power laws
in their differential conductance dI/dV ∝ |V |λ measured
at high bias voltage (eV ≫ T ) and in their temperature-
dependent conductance G ∝ T λ. More interestingly, the ex-
ponent is highly sensitive to boundary effects; the power-law
behavior of a finite-sized TLL with an open boundary differs
from that of an infinite-sized TLL.21–23 In the conductance
measurements, in fact, the exponent obtained under the edge-
contact condition was much larger than that obtained under
the bulk-contact condition.15 These transport anomalies in the
carbon nanotubes result from the location dependence of lo-
cal density of states (LDOS)24, as has been directly observed
through photoemission spectra (PES)18.
In the last years, a novel class of nanocarbon, called the
1D C60 polymer, was proved to exhibit the TLL behavior.25,26
This 1D nanomaterial is synthesized by 3 keV electron beam
irradiation to two-dimensional C60 films.27 The irradiation in-
duces sequential in-plane rotations of carbon-carbon (C-C)
bonds followed by polymerization of adjacent C60 molecules,
resulting in a long, thin, peanut-shaped nanocarbon cylin-
der. From the first synthesis, many unexpected features
have been confirmed in low-energy excitations of the 1D
C60 polymers28–34, which are largely different from those of
straight-shaped counterparts (i.e., carbon nanotubes). Such
the difference was also observed in the power-law exponent
decribing the TLL states. A recent experiment of in situ ultra-
violet PES indicated that the exponent for the 1D C60 polymer
is significantly larger than that of metallic carbon nanotubes.26
The increase in the exponent is potentially attributed to the pe-
riodic insertion of non-hexagonal carbon rings into a rolled-up
graphene sheet, which causes periodic modulation in the tubu-
lar radius along the tubular axis25. Nevertheless, no theoreti-
cal attempt has been succeeded to describe the C60 polymer’s
exponent in a quantitative manner. To resolve the problem,
it is dispensable to apply a multichannel-based TLL theory35
incorporated with precise information of energetically stable
atomic structure of the 1D C60 polymers.36
In the present work, we extend a conventional bosoniza-
tion theory to be applicable to 1D systems endowed with mul-
tichannel electronic conduction bands. The theory we have
2FIG. 1: (Top) Atomic configuration of the FP6L model. The waist
part is occupied by a combination of heptagonal and octagonal rings
of carbon atoms. (Bottom) The dispersion relation and the electronic
density of states of the FP6L model.
developed yields a closed form solution for the LDOS both
under the edge-contact and bulk-contact conditions, thus al-
lowing us to describe the TLL behavior of the 1D C60 poly-
mers in a quantitative manner. We demonstrate that the power
law exponent deduced from the theory agrees with the exist-
ing experimental observation. The theory also leads us to a
prediction that the C60 polymers should exhibit a crossover
in the power law of the LDOS at a characteristic energy or
temperature, beyond which the value of the exponent shifts
significantly.
II. FIRST PRINCIPLES CALCULATION
A. Stable atomistic configuration
We performed first principles calculations to obtain the en-
ergetically stable atomic models for the 1D C60 polymer36–38.
Our simulations are initiated by setting the T3 model39, a
semiconducting 1D C60 polymer with energy gap ∼ 1.17 eV.
Inducing a sequence of in-plane rotations at specific parts of
C-C bonds40,41 to the T3 model, we have created more than
fifty kinds of metallic and semiconducting 1D C60 polymers
with different atomic configurations. All the first principles
calculations were performed using Vienna ab initio simula-
tion package42 based on a density functional theory43. Using
the 8× 1 × 1 Monkhorst-Pack k-point grid, we optimized all
the structures until atomic forces fall below 10−4 eV/A˚ on
FIG. 2: (Top) Atomic configuration of the FP5N model. The waist
part is occupied by five octagonal rings of carbon atoms. (Bottom)
The dispersion relation and the electronic density of states of the
FP5N model.
each atom.
Through the analysis, we found that the total energy and
the stability of the resulting models depend on the number of
non-hexagonal rings (i.e., pentagon, heptagon, and octagon)
embedded and their relative positions. Among many candi-
dates, we focus on the two most stable models labeled by36
FP6L and FP5N; see the top panels in Figs. 1 and 2. The total
energy of the FP6L model per unit cell is 1.421 eV lower than
the original T3 model, and that of FP5N is 2.188 eV lower
than T3. As for the FP6L model, it is seen from Fig. 1 that the
waist part is composed of a combination of heptagonal and
octagonal rings of carbon atoms. On the other hand, the waist
part of the FP5N model is occupied five octagons. This slight
difference in the lattice symmetry between the two models
causes a drastic change in the Fermi level crossing of elec-
tronic energy bands, as explained in the next subsection.
TABLE I: Fermi velocities of 1D C60 polymers estimated from the
band structures I and II.
Band structure I Band structure II
v1 6.809 × 10
5 m/s 7.322 × 105 m/s
v2 4.237 × 10
5 m/s 2.639 × 105 m/s
v2/v1 0.6223 0.3604
3B. Energy dispersion near the Fermi level
The electronic energy dispersion and DOS derived from the
two models are shown in the lower panels in Figs.1 (FP6L)
and 2 (FP5N).36 In both figures, the Fermi energy is indicated
by the dashed horizontal lines. Because of the existence of
dispersion curves that cross the Fermi level, metallic conduc-
tion is expected for the both models. In the following, the
energy dispersion derived from the FP6L model is called as
the band structure I, and that from FP5N is called the band
structure II.
As seen from the lower panel in Fig. 1, the band structure I
possesses only one Fermi-level-crossing point, just on which
two dispersion curves with Fermi velocities (positive or nega-
tive) come across. In addition, the band structure I comprises
only nondegenerate dispersion curves. These features in the
dispersion profile looks similar to those observed in metallic
carbon nanotubes.44 There are, nevertheless, two important
differences in the dispersion profile between the band struc-
ture I and the carbon nanotubes as explained below.
The first difference to be remarked is the asymmetry in
the slopes of the two Fermi-level-crossing curves in the band
structure I. Namely, the X-shaped band crossing at the Fermi
level is a little slanted, in contrast with the fully symmetric
band crossing in the metallic carbon nanotubes. It is interest-
ing to note that an asymmetry similar to that in the present
system has been realized at the asymmetric Dirac cone in the
two dimensional organic materials, α-(ET)2I3.45
The second to be mentioned is a disagreement in the abso-
lute value of the Fermi velocity between the band structure I
and the carbon nanotubes. As will be shown quantitatively,
the absolute values of the Fermi velocities evaluated from the
band structure I are much smaller than that of graphene sheets
v0 ≃ 8.0 × 105m/s. This “slowness” of the present system
causes a considerable enhancement in the power-law expo-
nent λ compared with those of the carbon nanotubes; we will
revisit details on the issue later.
Similar discussion as above holds for the band structure II
that has been presented in the lower panel of Fig. 2. An inter-
esting disparity from the case of I is that the band structure II
contains doubly degenerate dispersion curves because of high
degree of symmetry in their atomistic configuration. Accord-
ingly, the band structure II involves three crossing points at
the Fermi level, since the dispersion curve with the negative
Fermi velocity is doubly degenerate. Due to the degeneracy,
the interband crossing point of these three bands is repelled
from the Fermi level.
C. Simplified view of Fermi level crossing
The energy dispersions close to Fermi energy are schemat-
ically given in Figs. 3 (a) and (b) for the case of I and II,
respectively. In the band structure I, two bands with the linear
dispersion cross the Fermi energy at ±K0, which correspond
to the so called K and K’ point of the graphene. We denote
the Fermi velocities of the two bands v1 and v2, respectively,
and use the label p = +(−) to express the right (left) mov-
E(K)
K
K0−K0
v2−v1 v1−v2
p = +p = + p = −p = −
E(K)
K
K0−K0
v2−v1 v1−v2
p = +p = + p = −p = −
(a)
(b)
EF
EF
FIG. 3: Sketch of linear dispersions close to Fermi energy EF. (a)
The band structure I derived from the FP6L model, in which two
bands cross at ±K0. The label p = +/− indicates the right/left
moving state. Fermi velocities are denoted as v1 and v2 satisfying
v1 > v2. (b) The band structure II derived from the FP5N model,
in which the interband crossing points deviate from the Fermi level.
Note that the band with the Fermi velocity ±v2 is doubly degenerate.
ing states. Differing from the case I, there exist three bands
crossing the Fermi energy in the band structure II. The band
with the larger velocity v1 is not degenerate, whereas those
with the smaller one v2 are doubly degenerate. Because of
the presence of three (not two) bands across the Fermi level,
the crossing point ±K0 is allowed to deviate from the Fermi
wavenumber. The actual values of Fermi velocity in the mod-
els I and II are summarized in Table I.
III. BOSONIZATION APPROACH
A. Hamiltonian
We now formulate an effective Hamiltonian that describes
single-particle excitations. The kinetic term of the Hamilto-
nian,Hk, reads
Hk =
∑
k
Nb∑
i=1
∑
p=±
∑
s=↑,↓
pvikc
†
i,p,s(k)ci,p,s(k), (1)
where ci,p,s(k) denotes the annihilation operator of an elec-
tron with the i-th band, branch p, spin s and wavenumber k.
The wavenumber k is measured from the Fermi wavenumber
of the each band. The number Nb is equal to 2 and 3 in the
band structures I and II, respectively. Note that v3 = v2 in the
case II.
We take into account of the long range Coulomb interac-
tion as a mutual interaction. The term with the largest matrix
element is written as
Hint = V¯ (0)
2
∫
dxρ(x)2. (2)
4Here ρ(x) is the slowly varying component of charge den-
sity written by ρ(x) =:
∑
i,p,s ψ
†
i,p,s(x)ψi,p,s(x) : with
ψi,p,s(x) = 1/
√
L
∑
k e
ikxci,p,s(k) and L being the length of
the system. The matrix element of the forward scattering V¯ (0)
is given by V¯ (0) = 2(e2/κ) lnRs/R. Here κ is the dielec-
tric constant, R is the average radius of the 1D C60 polymer
andRs is the large distance cut-off of the Coulomb interaction
which corresponds to the length of the polymer. The matrix
element is insensitive to choices of such length scales due to
its logarithmic dependences. We discard the terms with the
matrix elements on the order of a/R with a being the length
scale of the order of C-C bonds which may give rise to the
tiny energy gaps as is seen in carbon nanotubes.46–49 There-
fore, the treatment in the present study is effective for the case
where the temperature T or the energy ω measured from the
Fermi energy is much larger than such gaps.
In our previous study, we developed the TLL theory of
multi-channel one-dimensional systems where the Fermi ve-
locity is different from each other.35 Here, the rigorous expres-
sion of the LDOS was derived for the bulk and end position.
In the following, we apply the theory to the band structures
I and II of the one-dimensional C60 polymer obtained by the
first principles calculation.
For this purpose, for the band structure I and II, we intro-
duce the index ν = 1, 2, 3, 4 and ν = 1, 2, 3, 4, 5, 6, respec-
tively. In the case I, ν = 1(3) corresponds to the band with the
Fermi velocity v1 and the up (down) spin, whereas ν = 2(4)
corresponds to that with the Fermi velocity v2 and the up
(down) spin. On the other hand, for the case II, ν = 1(4)
expresses the band with v1 and the up (down) spin, whereas
ν = 2, 3(5, 6) are those with v2 and the up (down) spin.
Then the Hamiltonian is written as
Hk =
N∑
ν=1
∑
p=±
∑
k
pvFνkc
†
p,ν(k)cp,ν(k), (3)
Hint = V¯ (0)
2L
N∑
ν,ν′=1
∑
p,p′=±
∑
q
ρp,ν(q)ρp′,ν′(−q), (4)
with N = 4 for the band structure I or N = 6 for II. Here,
vF1 = vF3 = v1 and vF2 = vF4 = v2 in I, whereas vF1 =
vF4 = v1 and vF2 = vF3 = vF5 = vF6 = v2 in II. The quan-
tity ρp,ν(q) is defined by ρp,ν(q) =:
∑
k c
†
p,ν(k+ q)cp,ν(k) :.
According to Ref. 35, the above Hamiltonian H = Hk +
Hint is expressed by the phase variables Θj and Φj as
H = 1
2
N∑
j=1
∫
x
.
{
Ξ2j + v˜
2
j (∂xΘj)
2
}
, (5)
where these variables satisfy the relation, [Θj(x),Φj′ (x′)] =
iδjj′2piθ(x − x′) and Ξj(x) = −∂xΦj(x)/(2pi), with θ(x)
being the conventional step function. The velocities of the
excitation v˜j is determined by the following eigenvalue equa-
tion,
(v˜2jK − V )Xj = 0, (6)
where the matrices K and V are given as follows,
(K−1)ν,ν′ = 2pivFνδν,ν′ , (7)
Vνν′ =
vFν
2pi
+
V¯ (0)
2pi2
=
vFν
2pi
+ g. (8)
The eigenvector Xi is normarized as (Xi,KXj) = δij .
The electron operator, ψp,ν(x) = (1/
√
L)
∑
k e
ikxcp,ν(k),
is also written in terms of phase variables as
ψp,ν(x) =
ην√
2piα
× exp

i p√
2
N∑
j=1
{XνjΘj(x) + p(KX)νjΦj(x)}

 ,
(9)
where ην expresses the Majorana Fermion operator satisfying
η†ν = ην and {ην , ην′} = 2δνν′ . The matrix X is defined as
X = (X1,X2, · · · ,XN ).
B. Local density of states
The LDOS of the ν-th band at the location of bulk
D
(b)
ν (ω, T ) and that of end D(e)ν (ω, T ) are expressed by us-
ing these quantities,
D(b/e)ν (ω, T ) =
2
pi2α
N∏
j=1
(
α
vj
)Y (b/e)ν,j
× cos

pi
2
N∑
j=1
Y
(b/e)
ν,j

∫ ∞
0
t
.
t
∑
N
j=1 Y
(b/e)
ν,j
×

cosωt
(
piT t
sinhpiT t
)∑N
j=1 Y
(b/e)
ν,j
− 1

 . (10)
At T = 0, the quantities D(b)ν (ω, 0) and D(e)ν (ω, 0) are ob-
tained as follows,
D(b/e)ν (ω, 0) =
1
piα
N∏
j=1
(
α
v˜j
)Y (b/e)ν,j
× 1
Γ
[∑N
j=1 Y
(b/e)
ν,j
]ω∑Nj=1 Y (b/e)ν,j −1, (11)
where Γ[z] is the gamma function. On the other hand, the
LDOS of the ν-th band at the Fermi energy, D(b/e)ν (0, T ) at
the bulk/edge is written as
D(b/e)ν (0, T ) =
1
pi2α
N∏
j=1
(
α
v˜j
)Y (b/e)ν,j
×
{
Γ
[∑N
j=1 Y
(b/e)
ν,j /2
]}2
Γ
[∑N
j=1 Y
(b/e)
ν,j
] (2piT )∑Nj=1 Y (b/e)ν,j −1. (12)
5In eqs. (11) and (12),
Y
(b)
ν,j =
1
2
{
(Xν,j)
2
2piv˜j
+ 2piv˜j [(KX)ν,j ]
2
}
, (13)
Y
(e)
ν,j =2piv˜j [(KX)ν,j ]
2
. (14)
The exponent of the power-law dependence associated with
the ν-th band is expressed by
λ(b/e)(ν) =
N∑
j=1
Y
(b/e)
ν,j − 1, (15)
and the total LDOS, which will be observed experimentally,
is given by the sum of contribution from each band,
D(b/e)(ω) =
N∑
ν=1
D(b/e)ν (ω, 0), (16)
D(b/e)(T ) =
N∑
ν=1
D(b/e)ν (0, T ). (17)
IV. POWER-LAW EXPONENT
A. λ(b/e)(ν) for band structure I
For the band structure I shown in Fig. 3 (a), eq. (6)
leads to the velocities of excitation spectra together with
the normalized eigenvectors corresponding to them as v˜1 =
v1 with X1 =
√
piv1(1, 0,−1, 0)T, v˜2 = v2 with
X2 =
√
piv2(0, 1, 0,−1)T, v˜3 = v+ with X3 =
1/
√
Z+(B+, A+, B+, A+)
T and v˜4 = v− with X4 =
1/
√
Z−(B−, A−, B−, A−)
T
, where
Z± =
B2±
piv1
+
A2±
piv2
, (18)
A± =
v2± − v21
2piv1
, B± =
v2± − v22
2piv2
, (19)
v2± =
v21 + v
2
2 + 4pig(v1 + v2)±
√
D
2
, (20)
D = (v21 − v22)
{
v21 − v22 + 8pig(v1 − v2)
}
+ {4pig(v1 + v2)}2 . (21)
It should be noted that the mode with v˜1 = v1 and that with
v˜2 = v2 express the spin excitation of the band 1 and 2, re-
spectively. Meanwhile, the two charge excitations have the
velocities v+ and v−, respectively.
The above expressions lead to the relation, D(b/e)1 (ω, T ) =
D
(b/e)
3 (ω, T ) and D
(b/e)
2 (ω, T ) = D
(b/e)
4 (ω, T ), because of
Y
(b/e)
1,j = Y
(b/e)
3,j and Y
(b/e)
2,j = Y
(b/e)
4,j (j = 1, 2, 3, 4). It
reflects the fact that the DOS of the 1D band is proportional
to the inverse of it’s Fermi velocity and vF1 = vF3 = v1 and
vF2 = vF4 = v2 in the present case. Especially, the exponent
of the power-law dependence associate with the ν-th band,
λ(b/e)(ν) given by eq.(15) are obtained as follows,
λ(b)(1) = λ(b)(3) =
1
2
{
1
2piv+
B2+
Z+
[
1 +
(
v+
v1
)2]
+
1
2piv−
B2−
Z−
[
1 +
(
v−
v1
)2]}
− 1
2
, (22)
λ(b)(2) = λ(b)(4) =
1
2
{
1
2piv+
A2+
Z+
[
1 +
(
v+
v2
)2]
+
1
2piv−
A2−
Z−
[
1 +
(
v−
v2
)2]}
− 1
2
, (23)
λ(e)(1) = λ(e)(3) =
v+
2piv21
B2+
Z+
+
v−
2piv21
B2−
Z−
− 1
2
, (24)
λ(e)(2) = λ(e)(4) =
v+
2piv22
A2+
Z+
+
v−
2piv22
A2−
Z−
− 1
2
. (25)
B. λ(b/e)(ν) for band structure II
Next, we move to the results for the band structure II
in Fig.3 (b). The velocities of the excitation spectra and
the eigenvectors corresponding to them are analytically ob-
tained as, v˜1 = v1 with X1 =
√
piv1(1, 0, 0,−1, 0, 0)T,
v˜2 = v2 with X2 =
√
piv2(0, 1, 0, 0,−1, 0)T, v˜3 = v2
with X3 =
√
piv2(0, 0, 1, 0, 0,−1)T, v˜4 = v2 with X4 =√
piv2(0, 1/
√
2,−1/√2, 0, 1/√2,−1/√2)T, v˜5 = v+ with
X5 = 1/
√
Z+(B+, A+, A+, B+, A+, A+)
T
, and v˜6 = v−
with X6 = 1/
√
Z−(B−, A−, A−, B−, A−, A−)
T
. Here,
Z± =
B2±
piv1
+
2A2±
piv2
, (26)
A± =
v2± − v21
2piv1
, B± =
v2± − v22
2piv2
, (27)
6v2± =
v21 + v
2
2 + 4pig(v1 + 2v2)±
√
D
2
, (28)
D =
(
v21 − v22
) {
v21 − v22 + 8pig(v1 − 2v2)
}
+ {4pig(v1 + 2v2)}2 . (29)
The eigenvectors indicate that the first, second and third mode
express the spin excitation in the band 1, 2 and 3, respec-
tively. On the other hand, the fourth, fifth and sixth mode
correspond to the charge fluctuation. Especially, the fourth
mode expresses antisymmetric charge excitation between the
band 2 and 3.
Similar to the case I, the following relations hold:
D
(b/e)
1 (ω, T ) = D
(b/e)
4 (ω, T ) and D
(b/e)
2 (ω, T ) =
D
(b/e)
3 (ω, T ) = D
(b/e)
5 (ω, T ) = D
(b/e)
6 (ω, T ). Especially,
the exponents of power-law dependences are obtained as fol-
lows.
λ(b)(1) = λ(b)(4) =
1
2
{
1
2piv+
B2+
Z+
[
1 +
(
v+
v1
)2]
+
1
2piv−
B2−
Z−
[
1 +
(
v−
v1
)2]}
− 1
2
, (30)
λ(b)(2) = λ(b)(3) = λ(b)(5) = λ(b)(6) =
1
2
{
1
2piv+
A2+
Z+
[
1 +
(
v+
v2
)2]
+
1
2piv−
A2−
Z−
[
1 +
(
v−
v2
)2]}
− 1
4
, (31)
λ(e)(1) = λ(e)(4) =
v+
2piv21
B2+
Z+
+
v−
2piv21
B2−
Z−
− 1
2
, (32)
λ(e)(2) = λ(e)(3) = λ(e)(5) = λ(e)(6)
=
v+
2piv22
A2+
Z+
+
v−
2piv22
A2−
Z−
− 1
4
. (33)
V. RESULTS AND DISCUSSION
A. Numerical evaluation of λ(b/e)(ν)
Figure 4 demonstrates the exponents for the band structure
I. The bulk exponent λb(ν) and the edge exponent λe(ν) are
plotted in Figs. 4(a) and 4(b), respectively, as a function of
v2/v1 for several choices of v1/v0. The interaction strength
was set to be V¯ (0)/(piv0) = 7.47, so that λb(ν) should be
equal to the bulk exponent of the carbon nanotube18 under the
condition of v1 = v2 = v0. The bulk exponent of the carbon
nanotubes is indicated by the intersection of the dashed-dotted
curves (colored in red) with v1/v0 = 1 with the vertical line
with v2/v1 = 1 in Fig. 4 (a). It is clearly seen that both λ(b)(1)
and λ(b)(2) for the band structure I exceed the bulk exponent
of carbon nanotubes, regardless of the choices of the parame-
ters v1 and v2.
It follows from Fig. 4 that the band with a larger v1 leads
to a smaller λ(b/e)(1). It is because the electronic correlation
is effectively suppressed with increasing the Fermi velocity.35
Furthermore, for a given v1, λ(b/e)(1) falls behind λ(b/e)(2)
at any v2. Our numerical data of v1 and v2 for the FP6L
model (see Table I) allow to estimate the exponents for the
band structure I as:
λb(1) = 0.56844, λb(2) = 0.64506,
λe(1) = 1.3416, λe(2) = 1.5211. (34)
Similar trends in the v1- and v2-dependences of λ(b/e)(ν)
have been confirmed for the band structure II, too, as seen
from Fig. 5. The exponents for the band structure II can be
evaluated as
λb(1) = 0.54178, λb(2) = 0.68746,
λe(1) = 1.2388, λe(2) = 1.5413. (35)
It should be reminded that the smallest λb/e(ν) (i.e., the
contribution from the largest-vF (ν) energy band) takes a pri-
mary role in experimental observations of low-energy (low-
temperature) physics of TLL states. This implies that the
power-law anomalies of the 1D C60 polymers are governed by
the exponent λ(b/e)(1) particularly at low energies (tempera-
tures), regardless of which model, FP6L or FP5N, describes
the materials actually synthesized in the experiments. In con-
trast, at relatively high energy (temperature) range, the other
exponent λ(b/e)(2) may contribute to the power-law anoma-
lies.
B. Crossover in the power-law of LDOS
The total LDOS is given by the sum of contribution from
each band,
D(b/e)(ω) =
N∑
ν=1
D(b/e)ν (ω, 0), (36)
D(b/e)(T ) =
N∑
ν=1
D(b/e)ν (0, T ), (37)
where N = 4 or N = 6 for the band structure I or II,
respectively. Figures 6 and 7 show the ω-dependence of
v0D
(b/e)(ω), i.e., the total LDOS normalized by v−10 : Fig. 6
corresponds to the band structure I, while Fig. 7 the band
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FIG. 4: (a) Exponents in LDOS at the bulk, λ(b)(ν), as a function of
the ratio of the Fermi velocities v2/v1 for the band structure I. Here,
ν (ν = 1, 2, 3, 4) expresses the band index. (b) Counterparts at the
edge, λ(e)(ν), for the band structure I.
structure II. The panels (a) and (b) display the linear and dou-
ble logarithmic plots, respectively. In all panels, counterpart
results for the carbon nanotubes are displayed by the thin solid
curves.
Our numerical results clearly demonstrate that the total
LDOS of the 1D C60 polymer close to Fermi energy ω ≃ 0
is suppressed compared to that of carbon nanotubes. It means
that the electronic correlation is effectively stronger in the 1D
C60 polymer because of the smaller Fermi velocity. In Figs. 6
(b) and 7 (b), the dotted and dashed line express the fitting by
Aωλ
(b/e)(1) and Bωλ(b/e)(2), respectively. For the low energy
region, the components with the smaller exponent is domi-
nant in the LDOS. On the other hand, the major part is given
by those with the larger exponent for the higher energy part.
Namely, we have
D(b/e)(ω) ∝
{
ωλ
(b/e)(1) at |ω| ≪ cv0/α,
ωλ
(b/e)(2) at |ω| ≫ cv0/α
(38)
The constant c in eq. (38) depends on both the position of
contact (bulk or edge) and the band structure (I or II). The
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FIG. 5: (a) Bulk-exponents in LDOS, λ(b)(ν) with ν =
1, 2, 3, 4, 5, 6, as a function of v2/v1 for the band structure II. (b)
Edge-exponents in LDOS, λ(e)(ν), for the band structure II.
constant lies inbetween 10−3 and 3×10−2 at a rough estimate
from the figures. Provided v0 = 8.0 × 105 m/s and α =
3.5 A˚, therefore, the 1D C60 polymer is expected to show an
crossover at an energy on the order of 100 meV more or less.
Such the crossover has not yet been observed in experiments
of the 1D C60 polymers, nor suggested by earlier theoretical
work. The expected variations in the exponents across the
crossover are summarized in Table II.
It should be remarked that the crossover behavior in the
power law LDOS is a direct consequence of the multichannel
conduction mechanism with different Fermi velocities. There-
fore, our prediction on the crossover occurrence may apply to
1D quantum nanomaterials other than C60 polymers, as far as
electronic dispersion curves near the Fermi energy constitute
a slanted band crossing as similar to those in Fig. 3.
Two important consequences are drawn from eq. (38). First,
our theoretical result on the low-energy power-law anomaly
is in good agreement with the experimental finding based on
the high-resolution PES measurement.26 It was concluded in
Ref. 26 that the DOS for the 1D C60 polymes obeys D(ω) ∝
ωλ with λ = 0.65 ± 0.08 at 18-100 meV. The exponent
was found to be significantly larger than that of 0.43-0.54 for
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FIG. 6: Normalized LDOS for the band structure I at the bulk po-
sition D(b)(ω) × v0 and at the edge D(e)(ω) × v0 as a function of
the frequency ω divided by v0/α with v0 and α the Fermi velocity
of the graphene sheet and the short distance cut-off. The linear and
double logarithmic plot are shown in (a) and (b), respectively. Thick
solid, thick dashed, and thick dotted curves (all colored in black) ex-
press the quantities of C60 polymer with the Fermi velocities given
in Table I. Thin solid curves indicate the counterparts for the carbon
nanotubes.
metallic carbon nanotubes. The multichannel TLL theory we
have developed in the present work describes successfully the
physical origin of the overshoot in the power-law exponent of
DOS in a quantitative manner. Second, eq. (38) indicates the
possibility that edge-contact measurements will give an ex-
ponent greater than one, as implied by eqs. (34) and (35). It
is hoped that this theoretical consequence can be verified ex-
perimentally in the measurements of LDOS and/or electronic
TABLE II: Power-law exponents at frequencies lower and higher
than the crossover frequency ωc.
Band structure I Band structure II
low-ω high-ω low-ω high-ω
Bulk 0.57 0.65 0.54 0.69
Edge 1.3 1.5 1.2 1.5
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FIG. 7: The ω-dependence of the normalized LDOS for the band
structure II. The style for plot is same as that in Fig. 6.
conductance of the 1D C60 polymers under the edge-contact
condition.
Figures 8 and 9 demonstrate the T -dependences of the total
LDOS, D(b/e)(T ), for the band structures I and II, respec-
tively. Similarly to the ω-dependent LDOS, D(b/e)(T ) be-
haves as A′T λ(b/e)(1) and B′T λ(b/e)(2) at the low and high
temperature region, respectively. The crossover temperature
Tc is estimated to be on the order of 103 K, across which the
power-law exponent switches. Again, the T -dependence of
the LDOS at temperatures lower than Tc agrees quantitatively
with the experiment reported in Ref. 26.
VI. SUMMARY
In the present contribution, we have examined the LDOS
of the 1D C60 polymer, a kind of multi-channel 1D systems
involving different Fermi velocities. The Fermi velocities of
the 1D C60 polymer have been determined using the first prin-
ciples calculation that enabled us to evaluate the energetically
stable atomic configuration and the resulting electronic band
structures. Through a multichannel bosonization approach,
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FIG. 8: The T -dependence of the normalized LDOS for the band
structure I: D(b)(T ) × v0 and D(e)(T ) × v0 as a function of the
temperature T divided by v0/(2piα).
we have established a closed-form solution for the power-law
dependent LDOS. The solution is in a good agreement with
the experimental finding obtained by the earlier PES mea-
surement. Furthermore, the solution suggests that different
Fermi-level-crossing bands give different power-law depen-
dent LDOS, implying the occurrence of a crossover in the
LDOS spectrum at energy on the order of 100 meV. It is in-
ferred that the predicted crossover may be observed various
1D systems as well as the 1D C60 polymers, as far as they are
endowed with multichannel and slanted band crossing at the
Fermi level. We hope that the present results would inspire
experimental efforts to verify the predicted crossover and elu-
cidate the multichannel effects on the LDOS spectra and trans-
port anomalies of the TLL systems.
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